He ratios in all these regions 2, [4] [5] [6] are indicative of a mantle plume origin or contribution. The age distribution of volcanics peaks around 55 Ma, and it remains an open question whether this voluminous and widespread volcanism was caused by a single plume-either the plume head 7 or a pre-existing plume 8, 9 -and, if so, where it was positioned, and how large it was. When reconstructing plates to their location at 60 Ma (Fig. 2) , it becomes evident that plume material would still need to flow for more than 1,000 km from a putative plume centre beneath Eastern Greenland to some of the locations where volcanism occurred. Alternatives to this single-plume hypothesis could be that there is more than one plume responsible, such as Jan Mayen 10 , Canary or Azores 11 , a more sheet-like upwelling extended in the north-south direction 12 , or that excess volcanism is caused by processes other than a mantle plume 13, 14 . The subject has been extensively reviewed 15, 16 . At present, Iceland is an anomaly along the Mid-Atlantic Ridge, with much thicker crust than the normal seafloor, caused by the more intensive volcanism. Seismic tomography models show evidence for a hot upwelling in the upper mantle 17 , and some tomography models also indicate a lower mantle origin 18, 19 , with the position of Iceland near the northern tip of the African Large Low Shear Velocity Province (LLSVP), a likely location from which the plume rises 20 .
To address the question of how much of the widespread volcanism around 60 Ma can be explained by the Iceland plume as a single source, we combined recent results from plate reconstructions, seismic tomography and geodynamic modelling to assess where the plume impacted and how and where plume material could have flowed beneath the lithosphere so as to give rise to the observed volcanism. The sub-lithospheric flow of hot asthenosphere is strongly influenced by the location of the plume relative to spreading ridges 21 and by variations in lithosphere thickness 22 , which can be estimated for the past by combining seismic tomography with plate reconstructions. We will discuss how combining these ingredients may help qualitatively explain the distribution of volcanics. The discussion will be supplemented by numerical simulations.
Conceptual model of plume-lithosphere interaction
The motion of the Iceland plume is controlled by large-scale flow, which tilts and distorts the plume conduit as it rises through the slowly convecting mantle. When this motion is taken into account, models typically predict that around 60 Ma the Iceland plume was a few hundred kilometres further east in the mantle than its present location, and has moved westward according to the predominant flow direction at the top of the lower mantle 23, 24 . At shallower depth beneath the lithosphere, an overall large-scale flow in a north-northwestern direction is consistent with the location of Iceland relative to the LLSVP, tomographic images 20 and shear wave splitting results 25, 26 . When the plate and plume motions are added, it turns out that the Iceland plume was most probably located beneath eastern 23, 27 ( Fig. 2) or central 28 Greenland around 60 Ma. For comparison, assuming a fixed plume has led to a predicted location in western Greenland 29 , although even earlier models 30, 31 also predicted a plume location in eastern Greenland at that time.
Present-day lithosphere thickness can be inferred from seismic tomography or seafloor ages. Using models of plate motion, past lithosphere thickness can be reconstructed (see Methods). The left panel of Fig. 2 shows a 60 Ma reconstruction. Present-day thickness based on tomography only is shown in the right panel, and Supplementary Fig. 1 shows reconstructions for other times.
The qualitative scenario that emerges if we combine models of plume motion, lithosphere thickness through time and large-scale In the classical concept, a hotspot track is a line of volcanics formed as a plate moves over a stationary mantle plume. Defying this concept, intraplate volcanism in Greenland and the North Atlantic region occurred simultaneously over a wide area, particularly around 60 million years ago, showing no resemblance to a hotspot track. Here, we show that most of this volcanism can nonetheless be explained solely by the Iceland plume interacting with seafloor spreading ridges, global mantle flow and a lithosphere (the outermost rigid layer of the Earth) with strongly variable thickness. An east-west corridor of thinned lithosphere across central Greenland, as inferred from new, highly resolved tomographic images, could have formed as Greenland moved westward over the Iceland plume between 90 and 60 million years ago. Our numerical geodynamic model demonstrates how plume material may have accumulated in this corridor and in areas east and west of Greenland. Simultaneous plume-related volcanic activities starting about 62 million years ago on either side of Greenland could occur where and when the lithosphere was thin enough due to continental rifting and seafloor spreading, possibly long after the plume reached the base of the lithosphere.
mantle flow is similar to that in ref. 30 in that the Iceland plume has been close to the North Atlantic spreading ridge since the initiation of spreading, and therefore the most voluminous volcanism did not occur directly above the plume but at the ridge location closest to the plume. This first formed the Vøring Plateau offshore Central Norway (Fig. 1) and later on the Greenland-Faroe plateau. In contrast, the AEgir ridge in between was never closest to the plume ( Supplementary Fig. 1 ), hence it has close to normal crustal thickness.
Critically, where plume material is flowing to and where it comes close to the surface, and hence where volcanism can be expected, is affected by large-scale flow and lithosphere thickness. An eastwest oriented thin-lithosphere corridor that we see in our models provides a simple yet elegant mechanism for how a single plume could feed roughly simultaneous volcanism on the east and west coasts of Greenland. This corridor is evident when looking at the tomography model AMISvArc, which shows significantly reduced seismic velocities where the passage of the Iceland plume has been inferred, indicative of relatively warmer and thinner lithosphere 32 ( Fig. 3) . Hot asthenosphere could flow westward following this corridor and, furthermore, the corridor itself could have been created by the earlier Late Cretaceous passage of Greenland over the plume (Fig. 2, right) , thus accumulating and trapping plume material in this corridor underneath thick continental lithosphere. Even earlier, the plume track follows the west coast of Greenland, where subsequently Baffin Bay opened, and around 130-120 Ma, parts of the High Arctic Large Igneous Province, Ellesmere and Svalbard 33 are reconstructed near the plume location, as is evident from the plume . This value and deviations from it are at the reference period 50 s. The plume track is as in Fig. 2 . Supplementary Fig. 4 presents resolution tests, which indicate that the east-west reduced-velocity channel is well resolved, and would not manifest as an artefact without actual reduced seismic velocities. Relatively low seismic velocities in this channel are confirmed by recent regional tomography studies 49, 50 , using smaller data sets but with data from most of the new stations in Greenland that were used to construct AMISvArc.
Plume melt below variable-thickness moving lithosphere
To assess the spatial distribution and amount of basaltic volcanism due to a plume interacting with moving lithospheric plates of variable thickness and nearby spreading ridges, we set up a regional numerical model using recently developed and validated methods 35, 36 . The plume is initiated with a large plume head at the base of the upper mantle at either 64 Ma (Model64Ma) or 115 Ma (Model115Ma). In Model64Ma we adopt the plume and plate motions from ref. 27 , corresponding to the hotspot track in Fig. 5 (right), whereas in Model115 the plume location has been modified, and displaced 300 km westward 70-60 Ma to obtain a smoother track. A global mantle flow model derived from tomography converted to density anomalies is used as a boundary condition for our regional model. The model is initiated with a reconstructed lithosphere thickness distribution. More details are provided in the Methods. Figure 4 presents results for 68 Ma and 59 Ma for Model115Ma. At 68 Ma, plate motions are divergent between Greenland and North America. The plume has spread widely beneath the lithosphere, and trapped large amounts of hot material in the corridor across Greenland, above which the continental lithosphere is relatively thin, but too thick to enable melting. An arm extends to the south along the rift between the Greenland and North America plates. At 59 Ma, accelerated rifting has started beneath Greenland and Europe, and volcanic activity occurs simultaneously both east and west of Greenland, as soon as the ponded plume material reaches areas where thin lithosphere and decompression along the mid-ocean ridges enable melting. This marks the onset of intense plume-ridge interaction, which is supported by plate motions and mantle flow, and continues until the present-day state of the model. The resulting total amount of plume-related melt in Model115Ma is shown in Fig. 5 (left) and compared with a crustal thickness map derived from gravity inversion (Fig. 5 , right 23 ). Features that are common to both maps include a relatively thick crust along the Iceland-Greenland Ridge, the Iceland-Faroe Ridge, the Norwegian continental margin and on the Jan Mayen Microcontinent. The thickest oceanic crust occurs in the southeastern part of Iceland in both maps.
The distribution of melt produced in different time intervals is shown in Fig. 6 and compared to locations of dated volcanics of the same age. For Model64Ma (Fig. 6 , top left), where the plume has always been beneath Eastern Greenland or the Atlantic, volcanism only occurs within or near the opening Atlantic. However, for Model115Ma (Fig. 6, top right) , simultaneous volcanism around 60-45 Ma also occurs in Baffin Bay west of Greenland (Figs. 5 and 6). Despite the much earlier impingement of the plume beneath the lithosphere, the first plume-related volcanics in this model only occur at 80 Ma in the Labrador Sea, and after ~60 Ma (somewhat later than observed) in the North Atlantic and Baffin Bay. Before that, plume material spreads beneath thick lithosphere, without any melt generation. Only after 60 Ma, due to rifting and incipient spreading, has the lithosphere in Baffin Bay sufficiently thinned that the first melts are produced. At the same time, Greenland has moved westward, such that the plume is located sufficiently close to the nascent North Atlantic and can also produce melts there. Melting in Baffin Bay continues until the time interval 55-45 Ma in Model115Ma. For melting to occur west of Greenland, it is not necessary to assume a plume initiation as early as 115 Ma. For example, if Iceland plume initiation occurs at 64 Ma beneath central Greenland, 600 km west of Model64Ma the plume head also spreads across Greenland and leads to volcanism on both sides (results not shown).
Lateral flow and long delays from plume impact to volcanism
Interaction of a plume head or large pulse with a lithosphere of strongly variable thickness can create a distribution of volcanics very different from a classical hotspot track. If the Iceland plume was located near the Eastern continental margin of Greenland around 60 Ma, a pulse at that time would have caused volcanism mainly along the opening rift between Greenland and Europe. Our numerical model yields plume-induced volcanics along a large stretch of the rift that developed into the North Atlantic-on the European side until the western margin of the Rockall Plateau, more than 1,000 km towards the southwest of the plume. This is not necessarily all plume material; the plume also pushes material ahead and hence changes the flow field elsewhere. This may lead to melting where the asthenosphere flows from beneath thick to thin lithosphere. Assuming today's lithospheric thickness in Greenland, a plume head that impinged near the East Greenland margin around 60 Ma does not lead to volcanism west of Greenland around that time. However, if the plume has pre-existed, a sufficient amount of hot plume material may have accumulated, particularly along a corridor of relatively thin lithosphere inferred from tomography, across Greenland towards Baffin Bay. After plate divergence thinned the lithosphere in Baffin Bay around 60 Ma, this could have led to volcanism. Southward increase of divergence would have caused southward flow of plume material, consistent with Baffin Island basalts 2 south of the hotspot track. Comparison with computed hotspot tracks indicates that the corridor across Greenland could have been created by the passage over the plume, heating and thinning the Greenland lithosphere by ~50 km over a width of ~300 km (ref. 37 ). We cannot rule out that this corridor existed before the passage of Greenland over the Iceland hotspot. This would require, however, a coincidence of tectonic structure and plume track by pure chance. If the thin-lithosphere corridor is due to Greenland's passage over the plume at 60-80 Ma, the lithosphere within the corridor could have been ~50 km thinner 38 at 60 Ma than it is now, after cooling for 60 Myr. It is thus possible that even more hot asthenosphere of plume origin could have reached the west coast of Greenland than predicted by our model.
Compared to previous analytical and numerical models 24, 26, 30, 39 , this work takes advantage of key new evidence yielded by new tomography, tomography-derived lithosphere thickness models, and plate reconstructions, as well as improved numerical modelling capabilities. Comparison of detailed model predictions, including the present-day shape of the plume and the distribution of volcanism in space and time with future seismological, radiometric and geochemical data can provide tests of the model and underlying hypothesis, and may lead to its modification or abandonment.
Many previous tomography models included in a recent compilation 20 show evidence for thin lithosphere in eastern Greenland, near the supposed 60 Ma plume location, but not further west. Recently, thinned lithosphere beneath north-central Greenland has been proposed 40 based on P-wave 41 and S-wave 10 tomographic models, as well as high geothermal flux inferred from ice-penetrating radar and ice core drilling data. The inferred thin lithosphere was linked to its passage over the Iceland plume. The thin-lithosphere corridor seen in our new tomography and lithospheric models is likely to show the complete extent of lithosphere modified by the Iceland plume, as Greenland moved across it. It connects the locations of abundant volcanism at the west and east coasts of Greenland, in contrast with previous tomography models 10, 40, 41 , which suggested cold, thick lithosphere beneath the volcanic areas on Greenland's western coast that was difficult to reconcile with voluminous volcanism in those areas. The improvements in tomographic resolution given by our model are mainly due to waveform inversion of a very large data set of fundamental and higher mode surface waves that constrained it, using all available broadband stations in the region and exploiting the high sensitivity of waveform data to lithospheric structure 32 (see Methods). Compilations 9, 40 show that various proposed fixed and moving hotspot tracks across Greenland are substantially different. Our model considers motion of the Iceland plume from 60 Ma onwards.
For earlier times, we assume a fixed plume position. This is presumably a reasonable approximation, as the Iceland plume appears to be a nearly stationary upwelling from the northern tip 42 of the Melt that is generated is immediately extracted to the surface and rotated to its present location according to the plate reconstruction 27, 48 . The difference between two model runs with plume and without is shown. Yellow stars connected with a white line show the 60-0 Ma Iceland plume track 27, 48 (modified in the left panel as described in the Methods). The red line is the North Atlantic spreading ridge, and blue lines are the Continent-Ocean transition zones 23 . IGR, Iceland-Greenland Ridge; JM, Jan Mayen; JMM, Jan Mayen Microcontinent.
African LLSVP, and numerical models 24,27 also yield limited plume motion after 60 Ma. Importantly, the corresponding hotspot track 27 provides one of the best matches with the east-west corridor across Greenland detected by tomography.
The calculated distribution of volcanism compares well with a crustal thickness map inferred from gravity inversion. However, the thick crust of the Greenland-Iceland ridge 43 and the Faroe-Iceland ridge 44 are not being recreated in their rather narrow aseismic ridge form, and some of the thick crust may be due to continental material, including fragments in the middle of the ocean 23 . With the assumed size (500 km diameter) of the plume head or pulse around 60 Ma, melt is not produced as far into the continent as Scotland and Ireland, where the Tertiary Volcanics occurred around this time. More generally, in our numerical model melt tends to be produced in oceanic regions with thin lithosphere, rather than on neighbouring continents, where volcanics are also found 36 . Given that the estimates of 5 × 10 6 to 10 × 10 6 km 3 compiled 45 for the volume of volcanics are very large compared to other large igneous provinces, the 500-km-diameter plume head may be considered a conservative estimate; it was more likely larger rather than smaller. Also, a more sheet-like upwelling, extending in a north-south direction, which occurs in geodynamic models 12 at the northern tip of the African LLSVP, could help explain that the extent of simultaneous volcanism around 60 Ma was larger than modelled here. The immediate cause of the British Tertiary Igneous Province could be lithosphere thinning, triggered by mantle upwelling and laterally transported hot asthenosphere, and due to deformation during the opening of the North Atlantic. The distribution of NAIP volcanism is a good proxy for thin lithospheres. The Irish Sea may have been relatively far from the plume, but locations of NAIP volcanism are scattered between them, and can be taken as fingerprints left by hot asthenosphere flow at the time. Lithosphere thickness variations led to a pattern of melting that is not radially symmetric. However, the dynamics of the plume itself may lead to viscous fingering 46 . Our model provides support for the single-plume hypothesis and helps to reconcile seemingly contradictory older models. On the one hand, it has been proposed that the large volcanic outpourings in the incipient North Atlantic are caused by the initial Iceland plume head. On the other hand, a much earlier origin has been proposed, perhaps linking the Iceland plume to volcanics in Ellesmere and Svalbard. Here we find that even with a plume much older than 60 Ma, volcanism only starts around 60 Ma, when plume material finally finds its way to regions of thin lithosphere east and west of Greenland. However, before that time, plume material has been accumulated at the base of the lithosphere such that, when melting finally occurs, it is rather massive. This resembles the impinging of a plume head, even though plume material has gradually accumulated over tens of millions of years. In this way, the amounts and distribution of volcanism east of Greenland are in fact rather similar in the cases where a plume head hits at around 62 Ma, and where the plume has continuously existed since much earlier. We suggest that flood basalts do not always represent the arrival of plume heads from the deep mantle 7 , but may also occur due to interaction of a plume with a lithosphere 22 with thickness varying in space and time.
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Methods
Geodynamic model. Apart from minor modifications, the work flow essentially followed the steps described in ref. 36 . The computations were carried out with the mantle convection code ASPECT 51, 52 in a three-dimensional (3D) Cartesian box with length × width × height = 3,300 × 3,300 × 660 km from an initial time (120 Ma or 80 Ma) until the present. The temperature field is prescribed at first to take into account the reconstructed lithosphere thickness distribution at the initial time and later as time-dependent boundary conditions. Velocity boundary conditions at the surface and the upper 200 km of the side boundaries simulate plate motions and are derived from a plate reconstruction model (see next subsection). The global flow surrounding the model domain is derived from a global mantle flow model (see below) and prescribed at the side boundaries below 200 km and at the base of the model box. All boundary conditions are time-dependent and prescribed at all times. Because, due to the transformation from spherical to Cartesian coordinates, the global flow and plate velocities do not exactly correspond to each other, they are smoothly interpolated at 200 km depth at the side boundaries. In addition, plume inflow at the bottom of the box is prescribed at a location inferred from a global model (see below). We use a plume head radius of 250 km, an excess temperature of 300 K and an inflow velocity of 20 cm yr −1 (comparable with recent models of the Tristan da Cunha 35 and Réunion 36 mantle plumes). The plume tail has an excess temperature of 250 K in agreement with literature estimates, which range between 186 K and 300 K (refs [53] [54] [55] [56] ), a radius of 140 km and an inflow velocity of 6 cm yr , which is heightened by the global flow to a total range between 1,250 and 2,000 kg s
, in accordance with estimated values 54, 55 . To maintain conservation of mass, every simulation was run twice, and the net mass flux from the first simulation was used to correct the velocity boundary conditions for the second simulation. This correction is rather small, and the results with and without are visually very similar.
Global mantle flow was computed in terms of spherical harmonics 57,58 for a given 3D mantle density structure, radial viscosity profile, prescribed surface plate motions (see next subsection) and a free-slip core-mantle boundary (CMB). These plate motions include a net rotation component, and, in order to maintain this surface net rotation, but with strongly reduced net rotation in the deep mantle, we use a fixed CMB for the toroidal degree one flow component only. Density anomalies were backward advected 59 in the flow field to 68 Ma, and kept constant before that. The global flow model for present-day has been described in ref. 60 . The density model is based on a surface wave tomography model 61 in the upper 200 km and the 2010 update of a whole-mantle model 62 below that. For most of the mantle, we used a thermal scaling to density ( fig. 3A in ref. 
60
); however, given that both continental lithosphere and the LLSVPs of the lowermost mantle are probably chemically distinct, we use a different scaling there. Inside the continental lithosphere (see subsection below) shallower than 150 km depth we instead set the density anomaly to a constant 0.2%. Inside the LLSVPs, a density anomaly of 1.2% has been added. LLSVPs are assumed to be in the lowermost 300 km of the mantle wherever seismic anomalies are more than 1% negative. For viscosity, we used the red profile in fig. 3A of ref. 60 , with viscosity increasing from ~1 × 10 20 Pa s in the asthenosphere to nearly 1 × 10 23 Pa s in the lower mantle, but again decreasing to below 1 × 10 21 Pa s at the CMB. In contrast to the global flow model, our regional model considers temperature-dependent viscosity, which leads to lower sublithospheric viscosity in the vicinity of the plume (Supplementary Fig. 3 ).
The motion of the plume was computed following the method first developed by Steinberger and O'Connell 59 with parameters as in ref. 63 . The plume conduit was assumed to be initially (at 60 Ma) vertical and subsequently distorted in, but also buoyantly rising through the mantle flow. A vertical plume conduit at 60 Ma corresponds to the assumption that the plume conduit was established by a plume head rising comparatively fast through the mantle. Alternatively, where a pre-existing plume is assumed, it may represent a large pulse rising through, and straightening out, the conduit. In this case, we had used an earlier tomography model 64 and somewhat different viscosity and scaling from seismic velocity to density (model 2b of ref. 65 scaling from seismic velocity to density reduced by a factor 0.5 in the upper 220 km) to compute flow. Because this model fits the geoid well, we expect that it gives a realistic prediction of large-scale flow in the lower mantle, which is relevant for plume motion. In contrast, the model used to compute inflow and outflow at the boundaries of the box gives a better prediction of dynamic topography, so we expect that it realistically includes more details of the upper mantle flow. From this global model of plume motion, the plume position at a depth of 660 km is extracted to prescribe the plume influx into the regional model box. As the regional model is initiated at 64 Ma to allow for rising of the plume head, a constant position is assumed from 64 to 60 Ma. In Model115Ma, it is kept in the same position as the reference case until 80 Ma, is 300 km further west from 70 to 60 Ma, is 150 km further west and 100 km further south at 55 Ma, and in the same position as the reference case from 50 Ma, with linear interpolation. This is meant to compensate for a kink in the plate motion model, and should mimic the case where the plume moves in the same way after 60 Ma and is fixed before that, with a smoothed-out plate motion model. In this way, the speed of Greenland relative to the plume in the 80-70 Ma interval is reduced to somewhat more than half, instead of by modifying absolute plate motion 27, 48 , approximately within uncertainties (see also Supplementary Fig. 2 ). Given the increasing uncertainties in models of mantle flow and plume motion further back in time, we regard it as justified to revert to a model meant to represent a fixed plume before 60 Ma.
Melting in the geodynamic model depends on pressure and temperature and is calculated based on the parametrization for batch melting of anhydrous peridotite 66 . In a postprocessing routine, the melt produced in each time step is instantly extracted to the surface and moved with the according plate motions. As in ref. 36 , we used a dehydration rheology and a depletion buoyancy in our models.
Plate reconstructions. Where the plume was located relative to the overlying lithosphere depends on both plate motions and the motion of the plume in the same reference frame. Here we adopt absolute plate motions in a global moving hotspot reference frame (GMHRF) 27 . This reference frame is aimed at optimally fitting the geometry of and age progression along several hotspot tracks while taking plume motion into account. Because the Iceland plume does not show a classical hotspot track, it is not included in devising this reference frame. Hotspot reference frames that are only for the Indo-Atlantic hemisphere 28 differ somewhat from a global reference frame that also takes hotspot tracks in the Pacific 27 into account. In particular, around 60 Ma, in an Indo-Atlantic reference frame the Iceland plume is located further west relative to Greenland-beneath central to eastern Greenland rather than beneath its eastern coast.
Relative plate motions and plate boundaries in 10 Myr intervals were initially from ref. 48 , but the plate boundaries were transferred with a routine described in that paper to the GMHRF 27 . Plate motions were converted to Cartesian coordinates corresponding to the centre of the model box at 17° W 64° N. A Lambert azimuthal equal-area projection was used to convert plate boundaries and the models of large-scale mantle flow, plume motion and lithosphere thickness described in this section to box coordinates. Interpolation of plate boundaries from 10 Myr intervals to 1 Myr was done using a semi-automated procedure where essentially corresponding features in the plate boundaries (ridge segments, transform faults) are identified and matched by eye, and then automatically interpolated.
Mantle tomography model AMISvArc. AMISvArc is a new upper-mantle shear wave speed model of the circum-Arctic region 32 . It is constructed as a global model using the same methodology and similar data sets as the recently published models Sl2016svA 67 , SL2013NA 68 and SL2013sv
61
, but with substantially more data in the Arctic.
The inversion procedure comprises three steps. First, the Automated Multimode Inversion of surface and S wave-forms (AMI 69 ) is applied to a pre-processed data set of displacement seismograms. AMI performs accurate, automated processing of massive volumes of broadband waveform data, applying elaborate case-by-case selection of time-frequency windows and relative weighting of the fundamental and higher mode arrivals (S and multiple-S waves), while enforcing a strict misfit criterion across all windows. Each successfully fit seismogram yields a set of linear equations with uncorrelated uncertainties that describe 1D perturbations in S-and P-wave velocities within approximate finite-width sensitivity volumes between the source and receiver, with respect to a global 3D reference model. The 3D reference model comprises the crustal model CRUST2 70 smoothed across its 2° cell boundaries and augmented with global topographic and bathymetric databases and, beneath the Moho, the global 1D reference model AK135 71 , recomputed at a reference period of 50 s. Crustal structure, that is, the deviations from the 3D reference model at the three to four crustal grid knots (depths of 7, 20, 36 and 56 km) are solved for in the inversion, instead of adopting the common assumption of fixed crustal structure or of crustal corrections. Errors in the Moho depth are compensated primarily by changes in the lower-crustal and uppermost mantle velocities 72 . In the second step, linear equations from all seismograms successfully fit by AMI (for a detailed overview of the results of waveform fitting, see ref. 61 ) are combined into a single linear system and solved for the 3D distribution in isotropic P-and S-wave speeds and 2Ψ azimuthal anisotropy of S-wave velocity 67 , with respect to a modified 3D reference model that now comprises CRUST2 in the crust and the 1D upper mantle average taken from our own tomography 73 . The inversion is performed with the LSQR method 74 , subject to regularization (norm damping, lateral and vertical smoothing).
The third step of the procedure is the outlier analysis 61, 73 aimed at selecting only the most mutually consistent seismogram fits for the final model. This analysis exploits the substantial redundancy of the data set to remove the data most affected by errors (coming from event mislocations, etc). The starting data set used in constraining AMISvArc includes waveform fits from the models SL2013NA and SL2013sv, and additional, recently recorded or recently made available data from stations in the Arctic region 32 . The total data set includes more than one million vertical component seismograms successfully fit using AMI, recorded at more than 4,600 stations globally. Outlier analysis was used to select a subset of 830,000 most mutually consistent waveform fits for an initial inversion, and a final step of outlier analysis reduced the number of waveform fits to 817,200.
Lithosphere thickness. Present-day lithosphere thickness on continents is computed based on tomography model AMISvArc 32 (see previous section) using the same procedure and parameters as in the reference case of ref. 60 . Conceptually, this model is based on the assumption that, in the global average, the temperature profile in the top thermal boundary layer of the mantle, which includes the lithosphere, follows an error function profile. It is further considered that compositional anomalies also contribute to seismic velocity anomalies. We assume that, on a global average, this additional contribution has a depth dependence that also follows an error function profile with the same scaling depth. Furthermore, we assume these compositional anomalies only occur inside the lithosphere and not at the lithosphere-asthenosphere Boundary (LAB). Under these assumptions, we can now convert seismic velocity anomalies to absolute temperature, and we set the LAB to a constant temperature such that the temperature difference between LAB and the surface is 84.3% = erf(1) of the total difference between (adiabatic) mantle potential temperature and surface temperature. The scaling depth of the error function and the compositional contribution to the global average of seismic velocity are two free parameters in this model, and they are adjusted (for a given tomography model) such that the oceanic depth versus age curve (assuming isostasy) is optimally matched.
Present-day continental lithosphere thickness grids are then assigned to four different plates: North America, Greenland, Jan Mayen and Eurasia. Lithosphere may become thicker with age, or thinner due to the influence of the plume 40, 75, 76 . However, here we simply backward-rotate continents, using our reconstruction 27 , for the respective plates. In the oceans (wherever the age grid 77 is defined), present-day lithosphere thickness is computed from seafloor age with a diffusivity 8 × 10 −7 m 2 s −1 . Lithosphere thickness in the past is again determined with backward-rotation, but also taking into account that age and hence thickness were less at past times. Past lithosphere thickness determined in this way is applied to the numerical model at the inital time (either 80 Ma or 120 Ma) for the whole box, but afterwards only at the sides, where material moves into the box. Elsewhere, the thickness of lithosphere that either moves into the box or gets created at the ridge is computed self-consistently, such that, in effect, the lithosphere thickness in our numerical model is very similar to, but not exactly the same as in Fig. 2 left.
Code availability. The version of ASPECT we used to run our models is available online at https://github.com/ebredow/aspect/tree/reunion_plume_model.
Data availability
All of the input files that are required to reproduce this study are available upon request.
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